Ternary interdiffusion coefficients in the -Ni and 0 -Ni 3 Al phases of the Ni-Al-Pt system at 1150 C were experimentally determined by applying a Boltzmann-Matano method at a common composition in the time-invariant diffusion paths for a given two couples. PtAl on Pt and Al contents within the composition ranges studied. The cross-term interdiffusion coefficients were comparable to the main-term coefficients in and within an order of magnitude of each other in 0 . The significance of these findings are discussed and quantitatively assessed.
Introduction
Oxidation-resistant coatings based on nickel aluminides are widely used to give long-term durability to Ni-based superalloy components for high-temperature applications, such as turbine blades in aero-engines. 1) Platinum-modified variants of these coatings exhibit improved degradation resistance, especially from the standpoint of improvedAl 2 O 3 scale adhesion during thermal cycling. [2] [3] [4] [5] [6] [7] [8] Coating degradation is caused by not only oxidation, but also by coating-substrate interdiffusion. [9] [10] [11] Degradation by interdiffusion is a critical issue for aluminide coatings, particularly as operating temperatures increase. The addition of platinum to an aluminide coating was initially intended as a means to improve resistance to degradation by interdiffusion [12] [13] [14] and to enhance the outward Al diffusion to the Al 2 O 3 scale/coating interface. 15, 16) However, recent reports from oxidation studies using platinum-modified aluminide coatings suggest that Pt neither inhibits coating-substrate interdiffusion nor enhances outward Al diffusion. 17, 18) For instance, Chen and Little 17) studied the degradation behavior of Pt-modified -NiAl coatings on a CMSX-4 substrate and found that, during exposure to oxidizing conditions at 1100 C, Pt diffuses relatively quickly to the substrate and promotes formation of unwanted topologically-close-packed (TCP) phases.
Interdiffusion in a multi-component system tends to be complex due to varying chemical interactions between the components. 19) In general, the number of studies concerned with coating-substrate interdiffusion is quite limited in comparison to those related to oxidation. Even for related yet simple systems there is currently only limited binary Ni-X (X = Al [20] [21] [22] [23] [24] [25] [26] or Pt 27) ), ternary Ni-Al-X (X = Cr, 28) Pt, [29] [30] [31] [32] or Co 33) ), and quaternary Ni-Co-Al-Cr 34) data available. Regarding Pt-modified coating/substrate interdiffusion, most of the available data is for the -NiAl(Pt) system, and few studies have been conducted on the 0 -Ni 3 Al-Pt and theNi(Al, Pt) systems. Filipek et al. 30) reported compositionaveraged intrinsic diffusivities of Al, Ni, and Pt in the system from a Pt/-NiAl diffusion-couple study over the temperature range 800 to 1000 C. They found that the Al diffusivity (4:2 Â 10 À10 cm 2 /s) is approximately one order of magnitude greater than that of Ni (2:6 Â 10 À11 cm 2 /s) and Pt (7:8 Â 10 À11 cm 2 /s) at 1000 C. Bouchet and Mevrel 31) recently reported 1100 C ternary interdiffusion coefficients for -NiAl containing 5 to 13 at%Pt. The coefficients were determined using a mathematical assessment involving a numerical inverse method on a single set of experimentally determined element concentration profiles resulting from interdiffusion for a known time. The mainterm coefficient of Al,D D AlAl , was determined from this approach to increase with increasing Pt content in the , whereas the cross-term interdiffusion coefficients of Al, D D AlPt , and PtD D PtAl , were determined to be zero. The latter was found even though the experimentally determined diffusion profiles apparently showed the uphill diffusion of Ni, which suggests that there is chemical interaction between Ni, Pt, and Al.
Minamino et al. 29) reported the intrinsic diffusion coefficients of Pt in 0 -Ni 3 Al (about 25 at%Al) and in -Ni using Ni-24.9 at%Al/Ni-24.5 at%Al-2.07 at%Pt and Ni/Ni-3.01 at%Pt diffusion couples, respectively, over the temperature range 1050 to 1350 C. At 1150 C, for instance, it was found that the ratio of intrinsic diffusion coefficients for Pt and Ni, D Pt =D Ni , in 0 and is about 0.4 and 0.3, respectively. Gleeson et al. 35) recently reported that platinum addition plays a beneficial role in promoting Al 2 O 3 -scale formation on 0 -Ni 3 Al-based alloys during high-temperature oxidation. In a further study, 36) this beneficial effect was inferred to be partly attributable to Pt decreasing the chemical activity of aluminum 0 and, with the subsurface enrichment of Pt, causing an increased diffusive flux of aluminum to the alloy/scale interface. However, the extent to which Pt affected Al diffusion and vice versa could not be fully assessed due to the unavailability of interdiffusion data. The purpose of this study was to experimentally measure ternary interdiffusion coefficients in Pt-containing -Ni(Al) and 0 -Ni 3 Al alloys. The effects of Pt on the interdiffusion of Al were thus assessed from the determined main-and cross-term interdiffusion coefficients.
Experimental Procedures

Alloy and diffusion-couple preparation
Ni-Al-Pt alloys of nominal compositions given in Table 1 were prepared by argon-arc melting the constituent pure metals ($99:99 mass% pure). The selected compositions corresponded to single-phase or 0 , in accordance with the Ni-Al-Pt phase diagram determined by our group.
35) The alloy ingots were drop-cast into the form of rods, approximately 100 mm long and 10 mm in diameter. All as-cast rods were homogenized at 1200 C for 6 h followed by 1150 C for 24 h in a flowing argon gas atmosphere. The rods were then quenched into water at the completion of the homogenization heat treatment. After this latter heat treatment, the alloy grain sizes were more than 500 mm. Diffusion-couple samples approximately 1.5 mm thick were cut from the homogenized rods and then polished to a 1200-grit finish using SiC abrasion paper. Just prior to assembling a given diffusion couple, the two ''end'' samples were ultrasonically cleaned in acetone and then dried.
Diffusion couples were assembled using a reusable Si 3 N 4 clamping device that was discussed previously. 37) The alloy combinations used for diffusion couples are given in Table 2 . For a given diffusion couple, the two ''end'' samples were tightly pressed together in the clamp, which was then sealed in an argon-filled quartz capsule. Diffusion bonding was established by heating the encapsulated clamping assembly to 1200 C at a rate of 10 C/min and then holding at that temperature for 30 min. An initial high-temperature exposure was found to be necessary to ensure complete bonding, particularly for the 0 . At the completion of the diffusionbonding heat treatment, the encapsulated clamping assembly was furnace cooled (about 10 C/min) in order to avoid any fracture at the interface between the two alloys in the couple. The bonded diffusion couples were subsequently removed from the Si 3 N 4 clamp, sealed into quartz capsules under an argon atmosphere, and then annealed at 1150 C for 50 or 200 h. After diffusion heat treatment, the samples were quenched in water in order to preserve their high-temperature structures and compositions.
The resulting interdiffusion zones were cross-sectionally prepared and analyzed using standard techniques, including electron probe microanalysis (EPMA) to determine composition profiles. Pure Ni, Al, and Pt were used as standards for the EPMA. Profiles were measured in the center region of a given couple in order to avoid any errors associated with composition changes at surfaces due to oxidation or volatilization. The measured concentration profiles of each element were smoothed using a cubic spline technique. 38) Cross-sectional images were typically obtained using a secondary electron microscope (SEM) set in the backscattered electron imaging mode.
Interdiffusion analysis
The interdiffusion coefficients for the binary couples in Table 1 were calculated from the measured diffusion profiles by applying Boltzmann-Matano analysis 39) and utilizing a normalized concentration variable to eliminate the need for determining a Matano plane. 40) In the case of the ternary couples, an extension of the binary analysis, as developed by Kirkaldy, 41) was used. The method used for the ternary couples is presented in more detail in the following. T1  T6   T2  T5   T5  T10  ternary  T6  T9   T9  T14   T10  T13   B1  B2  binary (Ni, Al)   T3  T8   T4  T7   T7  T12  ternary  T8  T11   T11  T16 T12 T15
Interdiffusion in Pt-Containing -Ni and 0 -Ni 3 Al Alloys at 1150 CFor the interdiffusion analysis nickel was taken to be the dependent variable and Al and Pt the independent variables. Thus, the phenomenological diffusion equations are specific to Al and Pt, such that the local interdiffusion flux,J J i could be described by Fick's first law in terms of the two independent concentration gradients resulting from interdiffusion, i.e.,
In If it is assumed that the molar volume of the alloys is fixed and, hence, independent of composition, thenJ J i at any location x Ã in relation to the Matano plane is represented by 39) J J i ðx Ã Þ ¼ 1 2t
where x 0 is the location of the Matano plane, t is the diffusion annealing time, C i ðx Ã Þ is the specific concentration at x Ã , and C À1 i and C þ1 i are the terminal concentrations. Substitution of (1) and (2) into (3) gives:
The interdiffusion coefficients in eqs. (4a) and (4b) are thus determined at the intersection of the diffusion paths from at least two different diffusion couples. Specifically, Equations (4a) and (4b) can be applied to each couple at the intersecting composition to arrive at a total of four equations, so that the four interdiffusion coefficients can be solved for.
Whittle and Green 40) introduced a normalized concentration variable Y i such that
Substituting (5) into (4a) and (4b) yields:
1 2t
Equations (6a) and (6b) allow calculation of the interdiffusion coefficients without locating the Matano plane, while at the same time achieving mass balance. In the present study, Equations (6a) and (6b) were applied to the experimentally determined concentration profiles for calculation of the interdiffusion coefficients. Ni-14Al-10Pt Ni-7Al-18Pt
Ni-27Al-10Pt Ni-24Al-18Pt Figure 3 shows superimposed concentration profiles as a function of the Boltzmann parameter, ¼ x=t 1=2 , for the 0 -Ni-27Al-10Pt/ 0 -Ni-24Al-18Pt couple annealed for 50 h and 200 h. The concentration gradients for each element in these couples overlap, confirming that the diffusion behavior was in accordance with time-invariant boundary conditions existing for the times studied. These results also show that the short-term 1200 C bond had no apparent effect on the resulting 1150 C profiles. Similar results were found for the other couples that were studied. Figure 4 shows the experimentally measured composition paths in the diffusion couples after heat treatment at 1150 C for 50 h. All composition paths in the ternary and 0 regions are seen to be S-shaped. More specifically, near the terminal Interdiffusion in Pt-Containing -Ni and 0 -Ni 3 Al Alloys at 1150 Ccompositions the composition paths moved toward low or high Al content with constant Pt concentrations, and then deviate from constant Pt content. Such diffusion path shapes suggest that the diffusivity of Al is much faster than that of Pt. Table 3 presents the calculated main-and cross-term interdiffusion coefficients in the Ni-Al-Pt and 0 phases at 1150 C. The coefficients were calculated using the method discussed in section 2.2. The main-term interdiffusion coefficients of Al and Pt are greater in than they are in 0 . Further, the main-term interdiffusion coefficients of Al are a factor of five to ten times greater than those of Pt in both phases. T1   T2   T5   T6   T9   T10   T13   T14   T3   T4   T7   T8   T11   T12   T15   T16 at 1150°C 10 10 γ ' γ Fig. 4 Measured diffusion paths for the various and 0 couples studied (see table 2 ). Phase boundaries were obtained from our previous work. 37) 
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Determination of interdiffusion coefficients 3.2.1 Main-term interdiffusion coefficients
Cross-term interdiffusion coefficients
As shown in Table 3 PtAl values tend to be largest in the 0 phase. However, in the case of the latter, the scatter in values is too great to have any certainty; further work is required to obtain more detailed information. It is worth noting that the main-and cross-term values shown in Table 3 meet the conditions for thermokinetic stability as defined by Kirkaldy. 41) Specifically, and with Ni being the dependent component,
The finding of negative cross-term coefficients suggests that the Pt interacts negatively with Al in the and 0 phases, i.e., Pt decreases the chemical activity of Al and vice versa. This finding of negative cross-term coefficients in the and 0 phases is also in agreement with our qualitative analysis reported earlier. 43) This result suggests that when the concentration gradients of Pt and Al in the interdiffusion zone have opposite sign, the Al diffusion flux will be enhanced along the Al concentration gradient. This could be one of the beneficial effects of Pt in the 0 -Ni 3 Al system for rapid formation of Al 2 O 3 during high-temperature exposure, as mentioned in the introduction.
Copland 44) reported the effect of Pt on the chemical activities of Al and Ni in the -NiAl(Pt) system using a multi-cell configured mass spectrometer set-up and found that the chemical activity of Al decreases with Pt addition, while that of Ni increases. Although the cubic (B2) crystal structure of -NiAl is different from the close-packed structures of the -Ni(Al,Pt) and 0 -(Ni,Pt) 3 Al phases, the chemical interactions of Pt with Al and Ni may be expected to be similar. It was also found by our group in a separate study on -NiAl(Pt) 35) 
À10 cm 2 /s) at 1200 C and a composition (in at%) Ni-42.5Al-2.3Pt. Thus, the Pt-Al interaction in -NiAl(Pt) is inferred to be weaker than that in -Ni(Al,Pt) or 0 -(Ni,Pt) 3 Al.
There are a number of possible sources of error associated with the method used in this study for calculating the interdiffusion coefficients; however, the trends and agreements with previous studies are reasonable. The concentration measurements of diffusion couples by EPMA are believed to be within the accuracy of AE0:5 at% for each element. The cubic spline procedure reduces the concentration fluctuations measured by EPMA and improves the accuracy of the integration and the determination of concentration gradient; however, in some cases the gradient was Interdiffusion in Pt-Containing -Ni and 0 -Ni 3 Al Alloys at 1150 Clow, which would increase the error. A more detailed analysis would involve using other alloy compositions for the diffusion couples that would result in diffusion-path intersections that are closely orthogonal. The error due to the assumption of the concentration-independent partial molar volumes is expected to lay well within the analytical error, as indicated by Kirkaldy.
41)
It is further noted that the intersection of diffusion paths at low angles or near a terminal composition of the diffusion couples can introduce a large error in the diffusion analysis using the flux balance equations (eq. 6(a) and 6(b)). 28, 45) Specifically, errors in the area integrations and/or concentration gradients can cause large error in the diffusion coefficients. Thus, the reported diffusion coefficients for in this study are generally considered to be more accurate than those for 0 . A sensitivity assessment of the interdiffusion coefficients determined in this study was performed by calculating the concentration profiles in and 0 diffusion couples using the numerical COSMI software package 46) and comparing the calculated profiles to what was found experimentally. For the calculations, a single set of main-and cross-term coefficients within the range of the two terminal compositions was chosen. This was done to simplify the calculations and to assess the extent of agreement with experiment that could be found if averaged interdiffusion coefficients are used for the calculated profiles. The results are shown in Fig. 9 , where it is seen that the measured and calculated profiles are in good agreement for the composition ranges used. Notwithstanding, based on the findings presented in this study, it is expected that consideration of larger composition ranges would require an account of the composition dependence of the interdiffusion coefficients.
Summary
Phenomenological ternary diffusion coefficients in both and 0 Ni-Al-Pt systems at 1150 C were determined using a diffusion-couple method. The results may be summarized as follows:
( 
